It is hypothesized that undiagnosed shoulder instability is a major contributor to "whiplash syndrome". The energetics of low to moderate speed rear end collisions were investigated to see if shoulder forces were sufficient to cause structural damage to the glenohumeral ligaments by computer simulation of 16, 24, 32, 40, 48 and 56 kph rear end collisions. Forces at the shoulder can easily exceed 1780 N in collisions over 32 kph. Results of modelling indicate that injuries about the shoulder girdle, including complex instability, should be anticipated following low to moderate speed automobile collisions. Instability associated with MVA's differs both in magnitude and mechanism from the more common sports associated shoulder instability. 0 Woodherid Piihlisliing Ltrl 219 IJCrusli 2002 Vol 7 N o 2 0 Woodhead Puhlishiti,g Lrtl J P lannotti and G R Williams, Disorders ofthe shoulder . diagnosis and management. , Philadelphia L,ippincott-Raven. 1999. A L Irwin, T J Walilko. J M Cavanaugh, et al. 'Displacement responses of the shoulder and thorax in lateral sled impacts' , 37th Stapp Cur Crush Conjerence, San Antonio. Texas. USA, SAE, 1993. GESAC, Dynaman user!r manual C'ersion 3 0. , Keameysville, GESAC Inc., 1991. J H I icher. I, lJ Bigliani, L J Soslowsky. et a1 , 'Inferior glenohumerdl ligament: geometric and strain-rate dependent properties', J Shoulder Elbow Surg. 1996 5 (4) 269-279.
INTRODUCTION
Motor vehicle accidents commonly result in long-term disability and suffering. Improved engineering has led to decreased mortality rates over the last 30 years but has increased the frequency of long-term disabilities. Hohl, in 1974, noted that 40% of patients in his practice continued to receive treatment up to 10 years after sustaining "whiplash" injuries [l]. The National Transportation Safety Board web site estimates that fifty per cent of individuals injured in a motor vehicle accident have physical sequelae. The mechanism of injury is commonly described as whiplash, while cervical spine injuries are cited as the major physical injury [2-51. The resulting symptoms have been characterized as the cervical-brachial syndrome, whiplash syndrome, or upper cervical syndrome. The components include, headache, neck pain, vertigo, facial paresthesia, shoulder pain and diffuse weakness, sensory loss and pain in one or both upper extremities [6]. These symptoms are invariably ascribed to a vague and non-specific soft tissue injury of the neck and cervical spine for the initial few months and then converted to a psychiatric diagnosis if normal function does not return in several months. Occasionally, the individual sustains a cervical spine fracture or ruptured disc, or is diagnosed with a thoracic outlet syndrome and is successfully treated for this condition [7-lo] . Most individuals with these symptoms never receive a specific diagnosis and treatment remains palliative and ongoing [ 1 11. Several authors have reported acute MRI results that show rare injury to the cervical spine [ 12-161. One author (HGF) noted an almost universal occurrence of severe shoulder laxity in a consecutive series of chronic whiplash patients. The magnitude of laxity included grade 2 and grade 3 sulcus signs, Cofield grade 3 anterior and posterior laxity in all surgically treated cases. [ 17, IS] The shoulder instability syndrome is also reported to cause diffuse upper extremity neurologic symptoms that are difficult to localize. The current definition of shoulder instability is increased laxity with activity related symptoms, including shoulder pain and diffuse neurologic symptoms.[ 1 7, 191 Treatment of the shoulder instability resulted in excellent symptom resolution in these cases of chronic "whiplash" syndrome. Interestingly, the patterns of intra-articular injury found at surgery were significantly different from those found in the more widely described sports associated traumatic dislocations. Irwin et al. reported a high incidence of shoulder injury in a set of low speed side impact experiments at Wayne State University [20]. The mechanism of injury in Irwin's study was direct impact and clearly demonstrated significant shoulder injury can occur in very low velocity collisions. Computerassisted crash modelling was performed to advance our understanding of the mechanism and forces generated across the shoulder during low to moderate rear end collisions to establish a likely mechanism of shoulder injury and to develop the boundary conditions where such an injury is likely to occur.
METHODS
Collision modelling was performed using Dynaman (GESAC, In. West Virginia) version 2.51.14. Dynaman is a crash modelling program that incrementally calculates the forces and accelerations of planes and volumes to analyse the results of collisions on vehicles and passengers. The modelling process includes, modelling the vehicle acceleration, developing a model of the interior of the motor vehicle, placing a modelled passenger in the vehicle and performing the simulated collisions. The Dynaman program was used to model rear end collisions with resultant target vehicle forward accelerations with delta velocities of 16, 24, 32, 40, 48 and 56 kilometres per hour (kph) . Triangular acceleration impulses with a duration of 110 msec and appropriate velocity changes were used to model the acceleration of the target vehicle passenger compartment. An adult male passenger was modelled based on the Hybrid Ill crash dummy. The mass of the standard hybrid 111 is 76.4 Kg. The starting position for the passenger was seated facing forward, hands at the sides, wearing a lap belt and shoulder harness (three-point restraint) with no slack in the system. Appropriate body segments were identified to allow calculation of the forces across the shoulder joint and head\neck segments during the simulation. The headheck forces were calculated to act as a control for the model as extensive experimental data exists for these segments. A profile view of the Dynaman graphic display is demonstrated in Figure 1 . The 50th percentile Hybrid 111 that was generated by the Dynaman Geobod program generated segments with the following inertial characteristics: The forces modelled included: force in the restraint system, forces at the interior surfaces of the passenger compartment, and forces affecting the head, neck, torso and extremities. The initial process was aimed at determining the forces and accelerations sustained by the human body in a natural starting position with the torso positioned in a neutral sitting state with no rotation and the arms resting at the side. The initial impact was square to the longitudinal axis of the vehicle. Three-point restraints were simulated, again, in the ideal position. The forces and accelerations due to interior vehicle surfaces, including the seat, cab and restraint system, were computed. The forces and accelerations of the shoulder were also computed. Total acceleration of the vehicle and passengers were computed. Each velocity was tested with four seat types, default, stiff, soft and cushion (Fig. 2) . Details of the modelling parameters follow. The joint types generated by the GeoBod program [2l]included the following: A Free joint is a subtype of an Eulerjoint with no constraints. A pinned joint is a one degree of freedom joint that may be locked or unlocked initially. An Euler joint allows full three-dimensional motion but can have constraints imposed on the motion. Precession is about the z axis of the joint reference system in the previous segment, nutation is about the x axis of the joint in the next segment, and spin is about the z axis of the joint in the next segment. In this model the ankles, elbow and wrists had their spin axis locked. The knee was modelled as a hinge joint with the knee initially locked. Joint characteristics were assigned as indicated in table 2: The joint spring properties of the joints were defined as cubic polynomial functions in the flexural, torsional, and spin directions as indicated in tables 3 to 5. An Energy Dissipation Coefficient of 1 was used signifying that there is no energy loss when the joint hits the joint stop. A Joint Stop value of 0 indicates that only the Linear Coefficient and the Energy Dissipation Coefficient were used.
Seat Functions
Joint viscous properties were defined by specifying a coefficients for Viscous drag, coulomb friction, relative angular velocity of the joint at which full coulomb friction is applied, maximum torque allowed for a locked joint or Euler axis, minimum torque allowed for the joint to remain unlocked, the minimum angular velocity at which the joint remains unlocked and an impulse coefficient. For the model used in the simulation the Coulomb Friction coefficient, the maximum torque, minimum torque, the angular velocity at lock and the impulse coefficient were all 0. The remaining values are indicated in table 6. Segment contacts with structures in the car were modelled using the ATB point contact model described in the Dynaman reference manual [21] . The force deflection characteristics (FDF) of the seat back for the different conditions are shown in figure 2. The coefficient of friction for the impact of the upper arm and seat back was 0.5.
RESULTS
Peak accelerations on the vehicle and total body were less than 30 G's in all cases. Forces were calculated in Newtons (N) and accelerations in gravity's ((3's). 33  33  33  33  33  33  33  33  33  33  33  33  35  35  35  35  34  34 
The STD-FRC model type refers to the contact of the hyperellipsoid and a finite contact plane in which a contact force is applied even when the hyperellipsoid completely penetrates the plane.
Particularly interesting, is the pattern of force curves generated about the head, neck and upper extremities. The head and neck are exposed to two large accelerations. The first occurs as the head and neck are driven back into the seat and the second occurs after the body rebounds off of the back of the seat into the restraint system. The shoulder receives a large posterior impulse at the same time the forces in the inferior and superior directions go through a large oscillation, first in the superior direction and then in the inferior direction. The forces become large enough at about 30 mph that near simultaneous anterior, posterior and inferior shoulder instability should be anticipated and is demonstrated in the force plot of an elastic collision in Fig. 3 . The energy of the axial portions of the body is absorbed in a controlled fashion by the restraint system. This is contrasted with the extremities in which the energy resident in the limbs must be absorbed by the joints or by impact with portions of the cab. The pattern of energy deposition in the shoulder was similar in elastic and inelastic Seat characteristics and impact velocity showed strong interactive effects. Shoulder forces are generated by the inertial lag of the upper extremity relative to the torso during the impact of the body with the seat (figure 4). There were two patterns of peak shoulder forces that were dependent on the seat elastic properties. The softest and stiffest seat configuration significantly lowered the shoulder forces between 8 kph and 30 kph, but doubled the forces seen in the default and soft seat above 30 kph. (Fig. 4) . Peak forces exceed the measured minimum strength of the inferior gleno-humeral ligament complex, at delta V as low as 8 kph and above 24 kph delta V the shoulder force exceeds the maximum strength of the inferior-glenohumeral ligament complex maximum strength [22] (Table 8) . 
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DISCUSSION
Chronic pain and disability frequently occur after moderate speed motor vehicle accidents [ I , 4, 10, 1 1 , 23-25]. NTHSA estimates that approximately 6 million MVA's occur each ear in the United States resulting in just over 40,000 deaths. Improved automotive designs have led to major reductions in mortality rates during the last thirty years. The improved survivability has created the impression that these injuries are minor and that they are not caused by significant forces. Several studies during the last thirty years have demonstrated 20% to 80% chronic injury rates following whiplash injury [ 1, 4, 15, 24, 261 . These injuries have generally been ascribed to soft tissue injuries about the cervical spine. Wickstrom and others demonstrated the types of cervical spine injuries that occur in acceleration-deceleration injuries using a monkey model [ 101. Certainly, cervical spine injuries are major life threatening events that occur during motor vehicle accidents. Fortunately, improvements in automotive design and restraint systems have resulted in major reductions in this catastrophic injury.
Although the magnitude and numbers of cervical injuries have been reduced, long term dysfunction and pain continues to be a major problem. The chronic whiplash syndrome has been exceptionally resistant to medical management, largely due to the vague and non-specific nature of the diagnosis, "soft tissue" injury of the neck. Several recent studies, including acute MRI studies (first week post collision) by Ronnen et al; 1996 [26] have found identifiable cervical pathology in only 1% of 100 cases in patients with whiplash syndrome. Alger's study of 20 consecutive anterior cervical fusions for whiplash associated radiculopathy found only 10% good results [7] . Treatment for most other causes of ruptured cervical discs by surgery results in greater than 90% improvement rates. Careful and specific evaluation of the neck and shoulder allow specific anatomic diagnosis [ 3 ] . Frequently, individuals have radiating pain and paresthesias involving the neck, arm and hand. This group of symptoms has also been described as the cervical-brachial syndrome. The pain described invariably includes painful trapezius spasm. The underlying assumption has been that the neck is the source of the painful stimulus. Matsen, Rockwood, and Neer have all found that complaints of pain localized to the superior shoulder are frequently associated with shoulder pathology [3] .
Understandably, treatments directed at the cervical origins of pain in this syndrome have been unsuccessful in a large proportion of patients. in a masterful cataloguing of the whiplash symptom complex noted that 53% of his patients had shoulder problems and 35% had thoracic outlet syndrome [14] . The complex of symptoms is recognized as being associated with shoulder instability [ 17, 191. Resistance of the whiplash syndrome to treatments aimed at the cervical spine, combined with the negative MRI findings and other subjective and objective findings led him to conclude that whiplash syndrome is not psychiatric in origin nor is it primarily' a neck injury [ 151.
However, Radanov did find that psychometric measures were consistent with persistent injury [24] .
This author noted an unusual pattern of shoulder instability in patients complaining of cervical brachial pain following motor vehicle accidents. This included unilateral unidirectional, bilateral unidirectional, unilateral multidirectional and bilateral multidirectional instability. Virtually all combinations of anterior, inferior and posterior instability were present in all of the chronic whiplash patients examined over the last several years. Anatomic findings were also exceptionally interesting, with high incidence of multiple injuries to the gleno-humeral ligaments. The core symptoms of the chronic whiplash syndrome then take on new meaning. This mechanism of injury creates exceptionally large forces and consequently large displacement dislocations around the shoulder girdle. This includes the sterno-clavicular joint. Ticker, et al; described the mechanical characteristics of the gleno-humeral ligaments which are consistent with failure of the ligaments at stresses between 222 and 444 Newtons. [22] Certain seat configurations may result in shoulder forces exceeding the ultimate strength of shoulder ligament at delta V as low as 8 kph; however, it is more likely to occur at delta V greater than 12 kph. These values also suggest why anticipation and bullet vehicle passengers are less likely to sustain injuries resulting in an acute or chronic whiplash syndrome. The passenger that is able to tense his shoulder girdle muscle is able to absorb much of the collision energy into the muscle thereby protecting the ligaments. Between 800 and 1200 N forces will exceed the muscle strength of most individuals and the rate of injury should significantly increase under those conditions. This corresponds to delta V between 20 and 30 kph.
The Dynaman "free joint" may not accurately model the shoulder's behaviour during the collision. The displacements calculated by Dynaman may not accurately reflect the displacement that occurs in a living passenger because the force displacement relationships are not precise. The forces and accelerations; however, are more dependent on the ratio of masses between the different body segments so the relative forces should be relatively accurate and the head\neck forces tend to support this estimate. The failure of the primary stabilizing structures of the shoulder are dependent on the force applied, the duration of application and the mechanical characteristics of the specific ligaments exposed to those forces.
Computerized modelling demonstrated the large magnitude of forces affecting the shoulder in MVA. The magnitude and direction of forces crossing the shoulder would lead one to expect a complex set of injuries involving the scapula, clavicle, rotator cuff, and the anterior posterior ligaments of the shoulder. Key characteristics of the forces involving the shoulder are the magnitude and indirect nature of the force generation. Numerous case reports have cited brachioplexus avulsions, acute shoulder dislocation, rotator cuff tears, dislocations and fractures of the clavicle, and upper extremity fractures in patients following MVA. Historically, this group of injuries is also associated with poor treatment responses. The magnitude of the forces directed at the upper extremity in moderate collisions account for the observed injuries and predicts multiple injuries following MVA. Recognition and treatment of the described injuries should improve rates of long term disability and suffering following MVA.
The neck forces modelled in this study correlate well with crash testing data, and exceed shoulder forces in impacts below 24 kph delta velocity. In fact, the neck forces remain very constant over the tested range while the shoulder forces increase four-fold. This probably represents the result of safety engineering over the last 40 years. The neck forces remain below the failure threshold for normal neck ligaments for all test conditions [27] . Except the facet capsule all neck ligaments are about twice as strong as the shoulder ligaments [27] .
Rear end unanticipated collisions have the highest rate of chronic whiplash syndrome. There are several factors that contribute to this occurrence. The forces on the shoulder occur over a 100 msec interval that doesn't allow reflex tightening of the shoulder girdle muscles; therefore, the ligaments are unsupported dynamically. Second, guarding locks the passenger to the vehicle and the "whiplash" doesn't occur because the body is exposed to accelerations that are closer to the vehicle acceleration.
The occurrence of symptoms after both shoulder and peripheral nerve injury is a complex interaction of the strength of those structures, pressure sensitivity of the nerves and the magnitude of the energy applied to the structures that are injured. Particularly, in the shoulder the ability of an individual to compensate for ligament injury is immense, and gender influenced. Men generally compensate for shoulder instability much better than women. The differences in passenger mass, gender, seat position and compensatory mechanism satisfactorily explain most of the chronic whiplash syndrome.
CONCLUSIONS
Crash modelling with the passenger in an ideal position indicates the forces adequate to disrupt the major shoulder ligaments may occur at delta V as low as 8 kph. All conditions where delta V is greater than 24 kph exceeded the maximum failure strength of the inferior gleno-humeral ligaments. These are based on equal mass vehicles, without airbags. Collisions where the bullet vehicle velocity is greater than 16 kph can cause significant injury. These findings suggest that indirect injury mechanisms are significant in creating the whiplash syndrome. There is a complex interaction between seat mechanical characteristics and peak shoulder forces in rear end collisions, marked by a 50% difference in shoulder forces based on the seat characteristics alone. This suggests that further modelling and crash testing would be very useful if attempts to resolve these injuries are to be successful. 
